Abstract-A new method is developed in which a single standard target is used to calibrate the system response of broadband monostatic active acoustic systems. Spheres have commonly been used to calibrate narrowband systems. A major challenge involves the resonances of the scattering by the sphere. For narrowband systems, the sphere is designed so that the acoustic frequency is between the resonances. However, this cannot be done for broadband systems as the frequencies will span multiple resonances. Our method completely eliminates the source of the resonances through pulse-compression processing of the signal. Through this processing, the echo from the front interface of the sphere is isolated from other echoes which cause the resonances. The echo from the front interface is generally weakly dependent upon frequency, making it ideal for calibrating a broadband system. The method is a generalization of what was proposed by Dragonette et al. (J. Acoustic. Soc. Am. 69, 1186-1189 (1981 . The advances in this new method involve incorporation of signal processing to better isolate the echo, as well as a more accurate treatment of the scattering physics. As a result, the approach is applicable over a wide range of conditions.
I. INTRODUCTION Standard spherical targets are commonly used to calibrate monostatic active acoustic systems as they can determine system response and are frequently convenient to deploy. For example, in the field of fisheries acoustics, solid elastic spheres are considered a standard by which ship-mounted echosounders are calibrated (see, for example, [1] [2] [3] ). In these and other applications, the measured echo from the sphere is normalized by the predicted echo of the sphere (based on known size and material properties) which allows the system response to be calculated. One Fig. la) .
The research builds upon the concept of using this echo for calibration in the work of [4] . In that work, the echo from the front interface was assumed, as an approximation, to have a uniform frequency response. Furthermore, a short signal at high frequencies was used to resolve the echo from the front interface. That is, only the raw echo was used in their analysis. In this current work, we generalize their approach through 1) incorporating a pulse compression technique to significantly improve the ability to resolve the echo and 2) rigorously accounting for the scattering physics of the echo. As a result of these improvements, the approach is applicable over a wider range of conditions, including a wider range of frequencies.
The signal processing involves use of a pulse-compression technique similar to matched filter processing [5] . Since a true replica signal is not known in this application, a similar signal such as the signal that is applied to the transmitting transducer is used in the cross-correlation process. Although not ideal, this has the desired effect of significantly reducing the duration of the processed signal. The duration of the processed signal is close to the theoretical limit of the inverse bandwidth.
Accounting for the scattering physics involves first calculating the impulse response of the scattering by the sphere. This is performed through taking a Fourier transform of the exact modal series solution (Fig. lb) .
Using the above techniques, the broadband system is calibrated through the following steps: 1) Apply broadband signal, such as a long linear frequency modulated signal ("chirp"), to the transmitter transducer 2) Cross-correlate the echo from the sphere with the applied transmit signal. This results in a pulse-compressed signal at very high resolution. The temporal resolution is close to the theoretical limit of the inverse bandwidth.
3) Identify the echo from the front interface and isolate through a gating process. The gate needs to be sufficiently long so that there is adequate frequency resolution, but not too long because echoes from other features of the sphere cannot be included. The gate should be at least [5] [6] [7] [8] [9] [10] times the duration of the main lobe of the (compressed pulse) echo from the front interface.
4) Calculate the theoretical impulse response of the sphere, based on the Fourier transform of the exact solution, and "gate" the echo from the front interface (as in (3) above).
5) Normalize the spectrum of the measured echo from the front interface (from (3) above) by the spectrum of the predicted echo from the front interface (from (4) above). This normalization includes convolving the predicted echo from the front interface with the signal applied to the transmitter transducer.
The desired system response is the normalized signal described in (5) above. Note that the formulation derived is general and applies to: 1) A wide range of time gates. For example, for a very long time gate, the "full wave" solution is used, which may contain the unwanted resonances. For a short time gate, the echo from the front interface can be resolved (with sufficient bandwidth) and the resonances are eliminated. It is important that the same gates are used for both the experimental and theoretical components of the analysis. Also, it is important that the gate be short enough to resolve the appropriate scattering features, but long enough to have adequate spectral resolution.
2) A wide range of types of sphere. For example, this technique applies to solid elastic spheres and air-filled spherical shells. It is important that the combination of size of sphere and bandwidth is large enough so that the echo from the front interface can be resolved.
III. RESULTS The above method was successfully applied to an at-sea experiment. Here, a broadband active system with frequencies continuously spanning 30-105 kHz was used [6] . The calibration target was a thin aluminum spherical shell filled with air. The outside diameter of the sphere was 40.6 cm. Since the sphere was positively buoyant, the sphere was suspended below the downlooking broadband system with a weight tethered 5 m below the sphere. The ship was anchored in 50 m deep water during the experiment.
Once the echo was processed through pulse-compression processing, the echo from the front interface was easy to resolve. A 300-pts-long gate was used to separate the echo from the front interface from the subsequent echoes from the sphere (such as circumferential waves). The spectral resolution of the gate was 3.3 kHz. Once the signal was gated, a processing window of 4 ms duration was formed through zero-padding for Fourier analysis. The spectral analysis shows that the echo from the front interface varies slowly with frequency, in contrast to the total echo (long gate) which oscillated rapidly with frequency, with deep nulls, such as in the thin line in Fig. 1a . The system response was determined through the method outlined in the above section using the echo from the front interface.
IV. CONCLUSIONS An approach has been developed to calibrate a broadband active acoustic system using a single spherical standard target. The approach involves using pulse-compression processing to resolve the echo from the front interface of the sphere. By isolating the echo, the source of resonances (subsequent waves) are completely eliminated. Also, the impulse response of the predicted scattering by the sphere was used to determine the exact frequency dependence of the echo from the front interface. The echo from the front interface is shown to be relatively insensitive to frequency and is ideal to exploit for calibration. The approach was successfully applied at sea with a broadband system. o [F
